Red mud can be applied as soil ameliorant to acidic, sandy and micronutrient deficient soils. There are still knowledge gaps regarding the effects of red mud on the soil microbial community. The Biolog EcoPlate technique is a promising tool for community level physiological profiling. This study presents a detailed evaluation of Biolog EcoPlate data from two case studies. In experiment "A" red mud from Ajka (Hungary) was mixed into acidic sandy soil in soil microcosms at 5-50 w/w%. In experiement "B" red mud soil mixture was mixed into low quality subsoil in a field experiment at 5-50 w/w%. According to average well color development, substrate average well color development and substrate richness 5-20% red mud increased the microbial activity of the acidic sandy soil over the short term, but the effect did not last for 10 months. Shannon diversity index showed that red mud at up to 20% did not change microbial diversity over the short term, but the diversity decreased by the 10 th month. 30-50% red mud had deteriorating effect on the soil microflora. 5-20% red mud soil mixture in the low quality subsoil had a long lasting enhancing effect on the microbial community based on all Biolog EcoPlate parameters. However, 50% red mud soil mixture caused a decrease in diversity and substrate richness. With the Biolog EcoPlate we were able to monitor the changes of the microbial community in red mud affected soils and to assess the amount of red mud and red mud soil mixture applicable for soil treatment in these cases.
et al., 2008 showed similar results in terms of the effect of land-use change on the soil microbial community structure.
CLPP yields a very large amount of data that may be difficult to interpret. Biolog-derived data for evaluation generally include: the Average Well Colour Development (AWCD) and the Shannon diversity index (H) (Stefanowicz, 2006 , Frąc et al., 2012 , Kenarova et al., 2014 , Muñiz et al., 2014 . AWCD is an indicator of the general potential metabolic activity of the microbial community, thus it is an index of the total bioactivity for the Biolog plates (Frąc et al., 2012 , Kenarova et al., 2014 . AWCD values can be subdivided into SAWCD (substrate average well color development) groups based on substrate guilds (carbon sources) of similar chemical nature, (e.g. amino acids, amines, carbohydrates, carboxylic acids, phenolyc compounds and polymers) to assess the potential of the soil microbial community to degrade these carbon sources (Zak et al., 1994 , Kenarova et al., 2014 , Sala et al., 2010 . The Shannon diversity index (H) is used to calculate the physiological diversity of bacterial communities (Kenarova et al., 2014) . Microbial communities that are able to degrade more substrates or/and to degrade them with similar efficiency would have higher values of H compared to that part of the community which is not metabolically active and is not capable of growing in plate conditions (Muñiz et al., 2014) . Some authors calculated also several additional Biolog EcoPlate derived parameters, such as substrate richness (SR) and Shannon evenness (E) (Gryta et al., 2014 , Garau et al., 2007 .
The Biolog EcoPlate technique has been increasingly used to assess the toxicological impacts of different pollutants (Preston-Mafham et al., 2002) , such as heavy metals (Rusk et al., 2004; Kamitani et al., 2005 , Niklinska et al., 2005 , Boshoff et al., 2014 , uranium (Kenarova et al., 2014) or hydrocarbon contamination (Bundy et al., 2004 , Nagy et al., 2013 on soil microbial populations, or for estimating the impact of other stressing factors such as high salinity and high soil pH (Pankhurst et al., 2001 ), or heating (Pietikäinen et al., 2000) .
Red mud (bauxite residue) is a by-product of the alumina industry, deriving from the digestion of crushed bauxite with caustic soda. Due to the combined presence of ferric, aluminium and tectosilicate-like compounds in red mud (Gadepalle et al., 2007) , it is proved to be an effective amendment in reducing metal mobility in contaminated soils and stimulating microbial abundance, diversity and activity (Garau et al., 2007 , Lombi et al., 2002 , Gray et al., 2006 , Bertocchi et al., 2006 , Castaldi et al., 2009 , Sprocati et al., 2014 .
Sandy soils, with little or no nutrient or water holding capacity could benefit from the uses of red mud as soil ameliorant (McPharlin et al., 1994 , Barrow, 1982 , Ujaczki et al., 2015 , Ujaczki et al., 2016 due to the presence of sodalite in red mud, with an estimated cation exchange capacity (CEC) that exceeds the CEC of most natural clays. In addition, the alkaline nature of red mud can be used to raise the pH of organic or acidic soils (Summers et al., 1996 , Snars et al., 2004 , which tend to suffer from Al phytotoxicity (Alva et al., 2002) . Additionally, due to red mud mineralogy (iron and aluminium oxides, hydroxides) it can increase the phosphorus retention of sandy soils adsorbing phosphate (Summers et al., 1993, Summers and Pech, 1997) , thus reducing phosphate leaching and preventing eutrophication, and creating a phosphate pool that is available to plants and soil microorganisms. However, the alkalinity, the trace metal content and the naturally occurring radioactive material content of red mud may pose significant environmental risks (Akinci and Artir, 2008, Klauber et al., 2011) , therefore its careful application is recommended in soil (Ruyters et al., 2011 , Ujaczki et al., 2015 , 2016a , Mayes et al., 2016 .
Despite the results showing that red mud can stimulate the recovery of the microbial abundance and activity in metal polluted soils (Lombi et al., 2002 , Garau et al., 2007 , in these studies the effect of red mud on the microbiological parameters was associated with the reduction of metal mobility. Therefore, further studies are needed to better understand the influence of red mud not only on polluted soils but also in improving soil quality, given the scarcity of published research on this topic. Recently Ujaczki et al., 2016a have studied the effect of red mud (RM) as acidic sandy soil (S) ameliorant. Similarily Ujaczki et al., 2016b have studied in a field trial the potential application of red mud-soil mixture (RMSM) as additive to the surface layer of a landfill cover system made from low quality subsoil (LQS). Both papers dealt with the complex effects assessment of RM and RMSM on the soil and determined the maxium allowable amount to be utilized as soil additive. However, these studies have not focused primarily on the effect of RM and RMSM on the soil microbial community with a comprehensive evaluation of the Biolog EcoPlate derived parameters but were rather limited only to the AWCD values calculated from Biolog data and to the physical, chemical and ecotoxicological effects.
The objectives of our study are to assess the applicability of the Biolog EcoPlate system for monitoring the effect of these amendments (RM and RMSM) on the structure and activity of microbial communities in a degraded soil, based on our previous two case studies (Ujaczki et al., 2016 a,b) and to select the most fitting Biolog EcoPlate derived evaluation indices to estimate the efficiency of the applied soil improvement technology with red mud from the point of view of the soil microbial community.
Materials and methods
In experiment "A" red mud (RM) from Ajka (red mud, sampled in February 2011, 4 months after the accident from the top of a flooded grassland) was added at 0, 5, 10, 20, 30, 40 and 50 w/w% to an acidic sandy soil (S) (sandy texture 87 w/w% sand) from Nyírlugos, Hungary in a microcosm experiment (Ujaczki et al., 2016a) . The soil samples were placed into 2 kg pots, kept at room temperature and irrigated every 2 weeks. Soil samples were taken from the red mud treated and the untreated pots at the 3 rd , 5 th and 10 th month of the soil amelioration experiment.
In experiment "B" red mud and soil mixture (RMSM) from Ajka (originating from the red mud flooded area after removal of the RM flooded soil together with the overlain RM layer as remediation action after the accident) was added at 0, 5, 10, 20, 50 and 100 w/w% to a low quality subsoil (LQS) (clay loam) in a field experiment (Ujaczki et al., 2016b) . The RMSM + LQS mixtures were used as surface layer of a landfill cover system in Gyál (Hungary). The size of each plot was 10 m 2 , RMSM was mixed into LQS down to 0.2 m depth and the plots were irrigated on dry days for 1 hr/day. The plots were sampled during the 1 st , 5 th and 10 th month. The physico-chemical characteristics of the soils and amendments are summarized in Table 1 , and the toxic metal and metalloid content is given in Table 2 .
Both experiments were monitored by an integrated methodology (Gruiz et al., 2009 ) including physical, chemical, biological and direct contact ecotoxicological test methods (Gruiz et al., 2016) . In this study we focus only on how the RM and RMSM amendments influence the substrate utilization of the microbial community (community level physiological profiling, CLPP) in the soil applying the BIOLOG EcoPlate method (Garland, 1997) . The measurements were carried out as described by Nagy et al., 2013 . 10 g soil was suspended in 90 ml 0.85% sterile NaCl solution and shaken at 22 o C for 30 minutes at 150 rpm. After 10 minutes settling, 1 ml supernatant was diluted in 9 ml 0.85% sterile NaCl solution. 125 µl of this suspension was pipetted into the microplate wells, and then incubated at 25 °C in the dark. The absorbance was measured with DIALAB EL800 Microplate Reader at every 24 hours for 120 hours at 490 nm wavelength. The Biolog EcoPlate method usually measures optical density (OD) at 590 nm because the peak absorbance of the tetrazolium dye occurs at 590 nm (Garland, 1997 , Muñiz et al., 2014 , Garau et al., 2007 . Nevertheless we used absorbance values at 490 nm because our microplate reader was equipped with 405, 450, 490 and 630 nm filters, but the optimal OD values were provided at 490 nm (Nagy et al., 2013) . Others have also used different wavelengths for OD measurement (Zak et al., 1994 , Boshoff et al., 2014 . All measurements were done in three replicates as the 96 well system contains three times the 31 carbon sources and three times the control well (blank).
The OD values were subjected to data corrections prior to evaluation: 1 st substraction of the control well OD value (it contains only water for reading of the net absorption value) from each OD value of the substrate containing wells, 2 nd substraction of the initial OD value of each well (measured right after filling the wells with the soil suspension to eliminate the effect of soil particles on the optical density values) from the previously corrected OD values of each well. Negative values were set to 0. The OD values for data evaluation were applied at 120 h since these represented the optimal range of OD readings (Frąc et al., 2012 , Nagy et al., 2013 , Gryta et al., 2014 and were best suited for comparison with other experiments with red mud as soil amendment (Garau et al., 2007 (Garau et al., , 2011 . The endpoints calculated from the corrected data were the following: average well color development (AWCD), substrate average well color development (SAWCD), Shannon-index (H), substrate richness (SR) and Shannon evenness (E).
Average well color development (AWCD) was calculated for all carbon sources with the following equation, according to Gryta et al., 2014: AWCD=∑ODi/N, where ODi is the corrected OD value of each substrate containing well and N is the number of substrates, in this case N=31. To analyze AWCD of all carbon sources the substrates were grouped into six categories representing different substrate guilds according to Sala et al., 2010: amino acids 
, carboxylic acids (D-glucosaminic acid, D-malic acid, itaconic acid, pyruvic acid methyl ester, Dgalactouronic acid, alpha-ketobutiryc acid, gamma-hydroxybutyric acid), phenolic compound (2-hydroxy benzoic acid, 4-hydroxy benzoic acid) and polymers (Tween 40, Tween 80, alphacyclodextrine, glycogen). Substrate average well color development (SAWCD) values for each substrate categories were calculated with the same equation: SAWCD=∑ODi/N, where ODi is the corrected OD value of the substrates within the substrate category and N is the number of substrates in the category (Kenarova et al., 2014 ).
The Shannon index (H) resulted from H= -ΣPi ln(Pi), where Pi=ODi/ ΣODi, which is the proportional color development of the well over total color development of all wells of a plate (Garland and Mills, 1991 , Tam et al., 2001 , Muñiz et al., 2014 . The number of substrates oxidized (substrate richness, SR) was calculated as the sum of the number of cells where ODi value reached 0.15 after 120 h (Garau et al., 2007) . The Shannon evenness (E) was calculated from the Shannon index divided by the substrate richness as E=H/lnSR (Gryta et al., 2014) .
We performed an analysis of variance (ANOVA) using StatSoft® Statistica 13.1 to calculate the significant effect of the amendments on various parameters. We established the level of significance at p<0.05. We used Fisher's Least Significant Difference (LSD) test or Newman Keul's test (when the criteria for the homogeneity of variances were not fulfilled) for the comparison of the effects of various amendment amounts. Values followed by the same letter indicate no significant differences in the calculated values at the level of p<0.05 at each sampling.
Pearson Product Moment Correlation Analysis was performed by StatSoft® Statistica 13.1 to examine the relationship between Biolog Ecoplate method variables and soil parameters (e.g. pH, EC, humus, NH4 + -N, NO3 --N, Total N content and RM% or RMSM%). The level of significance was p<0.05. Correlation was considered strong when the correlation coefficient (r) was higher than 0.60 and very strong at r>0.85.
Results

Experiment "A" Average well color development
5% red mud (RM) addition to the acidic sandy soil (S) microcosms (experiment "A") significantly increased (by 126% and 23%, respectively, from 0.13) the average well color development (AWCD) of the Biolog EcoPlates during the 3 rd and the 5 th months, but after the 10 th month no significant difference was observed ( Figure 1 ). Generally, the AWCD was inhibited with the growing RM amount in the soil (except for the 5 th month in 40% RM amended soil). 10% and 20% RM addition resulted in 83% and 67% increase, respectively, after the 3 rd month. However, this increase in the AWCD levels ceased by the 5 th and 10 th months showing a significant decrease compared to the untreated acidic sandy soil (S). 40% and 50% RM resulted in 88-96% inhibition of AWCD at all sampling times (except for the 5 th month in 40% RM). AWCD in the untreated control (S) increased with 221% between the 3 rd and 5 th months, but to a smaller extent (15-75%) in other microcosms (except for the 40% and 50% RM treatment). The results of the correlation analysis (Supplementary Table 1 and 2) showed that the AWCD values negatively correlated with the RM dose, the pH (only at months 5 and 10) and the electrical conductivity (EC), and positively with the nitrogen content (NO3 --N and total N) of the soil. Very strong negative correlation was found after 10 months for RM dose, pH and EC.
Substrate average well color development
After 3 months amino acids and carbohydrates SAWCD values increased significantly compared to the untreated soil (S) at up to 20% RM amounts (Suppl Table 3 ). However, after the 5 th or 10 th months amino acids, amines, carbohydrates and phenolic compounds SAWCD decreased significantly for nearly all treatments compared to the untreated soil. Carboxylic acid and polymer utilization was significantly higher in the 5-10% RM treated soil during the experiment as compared to the untreated soil. Correlation analysis (Suppl Table 2 ) indicated that the AWCD value correlated strongly with the amino acid and carbohydrate SAWCD among the substrate guilds.
Comparing the percent distribution of SAWCD for each treatment (Figure 2 ), one could see that with incremental RM doses the number of substrate groups utilizable by microbes is decreasing: the microbes utilized all six groups in the untreated acidic sandy soil (S), while only 3-5 groups were utilized in the RM treated soils after 10 months. At 50% RM addition only amino acids, carboxylic acids and polymers were utilized. The SAWCD ratio by groups in the untreated acidic sandy soil (S) did not change during the experiment and the highest utilization was measured for carbohydrates (25-36%), amino acids (21-33%) and polymers (11-25%). By the end of the 10 months at 5% and 10% RM dose polymers were utilized at most (50% and 63%, respectively), followed by carboxylic acids (24% and 25%, respectively). At 20% RM carboxylic acids (34%), amino acids (27%) and polymers (24%) were utilized, while at 30% RM the carboxylic acid utilization increased to 62% after 3 months, but the highest rate was found for amino acids (57%) and carbohydrates (26%) after 10 months. At 40% and 50% RM the carbohydrate utilization increased after 3 months to 69% and 100% respectively, but by the 10 th months it decreased to 34% at 40% RM rate (still the mostly utilized substrate group) and to 0% at 50% RM rate. At 50% RM the highest utilization rate was 43% for carboxylic acids and 37% for polymers after 10 months.
Shannon indices and substrate richness
Shannon diversity index (H) did not change significantly after the 3 rd and 5 th months at low RM amounts (5-20%), but it decreased significantly by 18-48% compared to the untreated soil (S) at 30-50% RM amount (Table 3) . After 10 months H decreased significantly (29-52%, to 1.5-2.2) in all treatments compared to the untreated soil (S), but there was no significant difference between the treatments.
Substrate richness (SR) showed similar pattern to H: it did not change significantly after the 3 rd and 5 th months (except for 20% RM at the 5 th month) at low RM amounts (5-20%), but it decreased significantly after the 10 th month from 12-15 to 6-8. At 30-50% RM amount significant decrease to 0-3 was observed after 3 months and it remained at this level until the end of the experiment (except for 40% RM at the 5 th month). Shannon evenness (E) was maintained during the experiment at around 1.0-1.2 for the untreated acidic sandy soil (S) and the 5-20% RM treated soils. However, E became significantly higher after the 3 rd and 5 th months at 30% RM dose and after the 10 th month at 40% RM, and decreased to zero in the 50% RM treated soil.
Shannon index (H) and substrate richness (SR) strongly and very strongly correlated with AWCD (negative correlation) (Suppl Table 2 ), however there was no correlation between Shannon evenness (E) and AWCD. H correlated with RM dose and SR strongly correlated with all tested soil parameters (RM%, pH, EC, NO3-N and Total N) (Suppl Table 4 ).
Experiment "B"
Average well color development One month after the treatment at field conditions the red mud and soil mixture (RMSM) addition to the low quality subsoil (LQS) at 5-20% RMSM dose decreased the AWCD by 27-36% (from 0.49 in LQS) in the Biolog EcoPlates (Figure 3 ) in experiment "B". As time went by the AWCD values for these treatments became higher than in LQS and the increase was significant after 10 months for all treatments (5%, 10% and 20% RMSM). The best result was gained with 20% RMSM addition achieving a 61% increase reaching 0.97 AWCD value. The AWCD in the RMSM itself was significantly higher with 50-78% than in LQS during the experiment (0.74-1.10). On the other hand, 50% RMSM caused a significant increase during the 1 st and the 5 th month compared to LQS, but by the 10 th month at this RMSM dose 29% decrease was observed. AWCD positively correlated with RMSM dose, pH, humus, NO3 --N and total N content only over the short term (1 st and the 5 th months) (Suppl Table 5 and 6).
Substrate average well color development
Substrate average well color development (SAWCD) generally increased with RMSM addition and with time irrespective of the substrate type (Suppl Table 7 ). Significant increase was observed at 50% RMSM concentration in LQS and in the RMSM during the 1 st and the 5 th months for all substrates (except for amino acids, amines and carboxylic acids during the 1 st month) compared to LQS. This increase was mantained only in the RMSM for all the substrates (except for phenolic compounds) until the 10 th month. As such only the 50% RMSM treatment resulted a significant decrease of SAWCD values for carbohydrates (34%), carboxylic acids (19%) and phenolic compounds (89%) after 10 months compared to LQS. For all substrate groups (except for phenolic compounds where SAWCD of LQS was 0.58) 5%, 10% and 20% RMSM addition resulted in a significant increase in SAWCD by the 10 th month (except for amines and polymers at 10% RMSM). In this experiment all SAWCDs correlated with the AWCD value (Suppl Table 6 ).
The SAWCD percent distribution in case of each substrate group changed only slightly with RMSM treatment and the differences were also slight with time ( Figure 4) . The microflora of all treatments was able to utilize all 6 substrate groups. The utilization rates at the 10 th month were 14-18% for amino acids, 8-12% for amines (except for 18% at 5% RMSM), 19-26% for carbohydrates, 15-21% for carboxylic acids, 9-12% for phenolic compounds (except for 17% in LQS and 3% at 50% RMSM) and 19-20% for polymers (except for 31% in 50% RMSM).
Shannon indices and substrate richness
The Shannon diversity index (H) decreased significantly, but to a small extent (up to 8%) by all treatments and it was also lower in the RMSM after the 1 st month compared to LQS (Table 4) . H decreased with time in the LQS, so the 5% and 20% RMSM treatment and the RMSM itself had a significantly higher H index after 10 months, but the H was lower than in the LQS at the 1 st month. Substrate richness (SR) decreased with time in LQS from 30 to 22, but it remained the same (25-27) during the experiment in RMSM. 5% RM treatment after the 1 st and 5 th months did not cause significant changes compared to LQS, but after the 10 th month it was siginificantly higher reaching the original level. The SR ranged between 20 and 25 in the 10% and 20% RMSM treated LQS. Due to the 50% RMSM treatment SR decreased by the 10 th month to 16.
Shannon evenness (E) did not show major changes due to the treatments as it ranged between 0.95 and 1.01 in all samples. At the end of the experiment 20% and 50% RMSM treatment resulted in significantly higher E compared to LQS.
Shannon diversity (H) and substrate richness (SR) positively correlated with AWCD at the 5 th and 10 th months, while Shannon evenness (E) positively at the 1 st month (Suppl Table  6 ). H, SR and E did not correlate with the tested soil parameters at the 5 th and 10 th months (Suppl Table 8 ).
Discussion
Several case studies have demonstrated the applicability of red mud in soil amelioration and remediation, however, only a few have dealt with its effect on the soil biota, including the soil microorganisms (Lombi et al., 2002 , Garau et al., 2007 , Ujaczki et al., 2016a . In experiment "A" red mud (RM) at up to 20% had positive short term (3 months after treatment) effect on the microflora of an acidic sandy soil based on the AWCD values of the Biolog EcoPlate (Figure 1 ). The pH, electrical conductivity (EC), salt content, CaCO3-content, plantavailable P-content and water holding capacity increased with incremental RM dose, while nitrogen-content (total N, NH4
+ -N and NO3 --N) and humus-content slightly decreased (Ujaczki et al., 2016a) . EC and pH showed negative correlation, while nitrogen forms showed positive correlation with AWCD in our experiment (Suppl Table 2 ), thus the changes in the chemical composition of the soil do not explain the AWCD increase at low RM doses.
Other authors found similar intensification in the soil microbial activity when applying RM as chemical stabilizer in metal contaminated soil. Lombi et al., 2002 reported that 13 months after the application of RM at 2 w/w% in two Cd, Pb, Cu, Ni and Zn polluted soils, the microbial biomass in the soil was significantly greater in the treated soils in comparison with the untreated control. They explained this increase by the fact that RM reduced the toxicity of metals to microorganisms directly. In other studies, it was confirmed that beyond Biolog EcoPlate derived values other microbial parameters, such as fast-growing heterotrophic bacterial cell number, microbial abundance, the activity of selected enzymes (dehydrogenase, urease) were also improved after red mud treatment (Castaldi et al., 2009 , Garau et al., 2007 . Sprocati et al. 2014 explained the high functional diversity of the metabolic profile of toxic metal polluted soil gained after Viromine™ (a red mud derived product) treatment as related with the increase in pH caused by its the addition. Garau et al., 2007 found that the microbial population from the 4 w/w% RM amended Pb, Cd and Zn polluted sandy soil showed higher substrate richness measured by Biolog EcoPlate compared to the control soil while RM decreased significantly the solubility of Pb, Cd and Zn, which was likely responsible for the promotion of bacterial abundance. In addition based on the sequencing of the 16S rDNA gene the red mud treated soils contained mostly Gram negative bacteria affiliated to Ralstonia, Flavobacterium and Pedobacter genera, while Arthrobacter isolates were numerically the most abundant in the control soil. Garau et al., 2007 suggested that the AWCD value is mostly reflecting the potential metabolic activity of fastgrowing r-selected bacterial populations and that that Gram negative bacteria are mostly responsible for color development. The poor catabolic activity detected by Garau et al, 2007 in the control soil suggested the inability of Arthrobacter and Bacillus strains to oxidize the substrates in the Ecoplate rather than reflecting the actual catabolic versatility of the microbial communities. Although AWCD was lower in our study, the diversity was higher in the untreated control. so attention should be taken when comparing Biolog results in soils dominated by different microbial populations. These findings confirm that RM may have positive effects on the soil microflora, but the reasons for the microbial abundance increase as suggested by the above authors cannot be fully extrapolated to our study.
The AWCD increase in our study was not maintained during the 10 months of the experiment (Figure 1) . We assume that the micro-and macronutrient input and the improvement in soil physical properties may have contributed to the enhanced microbial activity over the short term, but over the long term the microbes exhausted the available nutrients, nitrogen sources and the organic matter in the soil. However, this assumption was not supported by our chemical analytical data as the values were within the standard deviation range (Suppl Table  1 ), but a more detailed analysis of the available nutrient contents may reveal correlations. Garcia-Sánchez et al., 2015 observed a similar phenomenon when applying fly ash to metal contaminated soil provoking an increase in the bacterial communities at 30 and a decrease at 60 days of treatments. They explained the initial increase with the high input of easily available macro-and micronutrients, which probably promoted the growth and development of bacteria and fungi able to survive in extreme environments.
The immobilizing ability of RM (Gadepalle et al., 2007 , Summers et al., 1993 ) may contribute to the nutrient scarcity over the long term. For example, Snars et al. (2002) reported that environmental stress, such as drying or the addition of microbial suppressants could mitigate the effect of the red mud in decreasing P availability. Red mud addition also may have caused a stress to microbes enhancing their metabolic activity, thus the resources exhausted faster than in stress free soils. Furthermore, the experimental conditions, such as a relatively small amount, incubation at room temperature and irrigation at regular intervals may also contribute to a decrease in microbial activity. Otherwise the AWCD values in the acidic sandy soil were small (0.13 after 120 h), which indicates an originally low microflora activity in the acidic sandy soil (S), typical for degraded sandy soils (Garau et al., 2011) .
Among the Biolog EcoPlate derived values only AWCD and SAWCD reflected the intensified microbial activity upon low RM doses over the short term. Amino acid and carbohydrate utilization were strongly correlated with AWCD and in case of these substrates the highest decrease was observed with time. Most of the carbohydrates are intermediates of soil organic matter degradation which explains the high affinity of bacteria to them (Kenarova et al., 2014) . However, the utilization of some substrate groups (carboxylic acids and polymers with the highest utilization percentage) was maintained at a higher level in the treated soils (at up to 20% RM and 10% RM, respectively) than in the untreated acidic sandy soil (S) over the long term, suggesting that RM addition created a more favorable environment for certain microbial groups in the soil to utilize specific substrates (Garau et al., 2011) . At 30-50% RM dose all values clearly indicated deteriorating effect on the microbial activity of the acidic sandy soil. The higher the RM amount added to the soil the lower the bacterial diversity in soil. At 30-50% RM does substrate richness was 0 or 1, which means that only some species were able to remain metabolically active upon the great RM load in soil. As a consequence, we established the maximum RM dose that was still beneficial for the microbial community of the treated soil at 20% RM, although Ujaczki et al., 2016a found that toxic metal content (As, Cr and Ni), Na content and toxicity input from red mud is tolerable by the acidic sandy soil ecosystem (based on ecotoxicity testing) only at up to 5% RM, therefore higher RM amounts are not recommended to be mixed into the soil. According to the AWCD values we also found that 5% RM was the maximum dose maintaining its positive effect by the 5 th month. According to Somlai et al., 2008 Hungarian red mud contains 347 Bq/kg 226 Ra, 283 Bq/kg 232 Th and 48 Bq/kg 40 K and it can be applied in brick production as coloring agent at up to 15%, so 5% RM in soil could be acceptable.
Modeling the effects of the RM spill in Ajka Ujaczki et al., 2015 found that the aerobic heterotrophic cell counts (CFU) increased upon max. 40% RM dose into the Ajka soil 2 months after addition. However, the elevated CFU was preserved only at 5% RM dose until the 8 th month. Based on chemical, biological and ecotoxicological results Ujaczki et al., 2015 concluded that RM could be mixed at up to 5% into the soil without any mid-term adverse effect on the Ajka soil as natural habitat. This finding substantiated the recommended remediation option in the area: excavation of the RM flooded soil together with the overlain RM layer and storing of the excavated red mud and soil mixture (RMSM) in Ajka behind the red mud storage area. Rékási et al., 2013 showed similar results in a soil column experiment using 10 cm Ajka RM overlaying soil from Ajka: the CFU increased in the overlain soil until the 2 nd month, but it decreased by the 4 th month. Klebercz et al., 2012 measured 10-100 times elevation of CFU in the contaminated sediment of the rivers affected by the Ajka RM spill compared to reference samples. All the above cases showed a significant increase in the plate cultivable microbes upon RM addition.
Mixing RMSM into LQS in experiment "B" at up to 20% increased the AWCD values after 10 months (Figure 3) . Furthermore, AWCD values of RMSM were 10 times higher than of the acidic sandy soil in experiment "A" and 2 times higher than of the LQS, confirming that CLPP is very sensitive to the soil type and texture (Rutgers et al., 2016) . Thus RMSM contained an active and functioning microflora despite the red mud in it (estimated between 5-10 w/w% based on sodium and toxic metal content). The positive effect of RMSM treatment on AWCD, SAWCD and SR in this experiment lasted during the monitored 10 months. 50% RMSM dose was too high for the microbial community of the LQS, decreasing the AWCD values after 10 months. According to metal analysis and ecotoxicological results Ujaczki et al., 2016b recommended 20% RMSM dose to be added to LQS. This dose was supported also by the Biolog EcoPlate results.
To assess the positive effects of similar soil amendments on the microflora of deteriorated soils we recommend calculation of the AWCD and SAWCD values, to assess the negative effects the AWCD, SAWCD, H and SR can be suggested. The utilization patterns of substrate groups could be a future research area aiming to find relations with the ecosystem functioning and functional diversity.
Conclusions
In this study the Biolog EcoPlate derived evaluation parameters were applied to investigate both the positive and the negative effects of red mud on the soil microflora in two soil amelioration case studies. In experiment "A" AWCD and SAWCD values indicated that RM addition at up to 20% increased the activity of the microflora in the acidic sandy soil during the short term (5 months) and was significantly not different in diversity from the untreated sandy soil (based on Shannon diversity indices), but this enhancing effect was not lasting and bacterial diversity became significantly lower. The addition of higher RM (30-50%) doses should be avoided due to their deteriorating effects on the soil microflora indicated by all calculated indices. Although RM at up to 20% may be beneficial for the soil microflora, when RM is applied as soil ameliorant toxicity should also be tested and based on previous studies 5% RM amount should not be exceeded. RMSM addition to LQS (experiment "B") at up to 20% was beneficial for the microbial activity based on AWCD results and the effect lasted until the end of the monitored 10 months as opposed to the short term effect of RM in experiment "A". This result was in agreement with the previous ecotoxicological results, so RMSM is suggested to be applied at up to 20%. In turn 50% RMSM addition decreased the microbial activity (AWCD and SAWCD values) and the diversity (based on H), so the application of higher amounts should be avoided. Overall, the two case studies showed us that detailed analysis of the Biolog EcoPlate data provides a more thorough picture about the microbial activity and diversity of the soil microflora on a case by case basis.
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